Steam oxidation resistance of 80Ni-20Cr and 50Ni-50Cr coatings has been evaluated in our previous study. The coatings were HVOF sprayed onto the modified 9Cr-1Mo steel substrate and the Cr content in the coating played an important role on the steam oxidation resistance. In the present study, effects of Mn and Si present in the powder and hence incorporated into the coatings were studied. In the 80Ni-20Cr coating, Mn segregated to the coating surface during steam oxidation duration of 1 000 h. Si also enriched at the surface of the coating. On the other hand, the 50Ni-50Cr coatings showed the absence of either Mn segregation or Si enrichment in the post-steam oxidized specimen. The results are discussed in conjunction with the diffusion of Mn and Si onto the chromium oxide layer at high temperatures and the influence of Cr content on the diffusion characteristics of these minor elements.
Introduction
There is increased attention on the plant efficiency of fossil power plants to meet the stringent environmental regulations along with ensuring plant reliability, availability and maintainability without compromising the cost. 1, 2) Steam temperature is a key factor, which controls the plant efficiency and the emission gas. Increasing the steam operating temperature and pressure will proportionally increase the plant efficiency with reduction in the emission gas. 3) Material used in the power plant should withstand against creep and oxidation while increasing the steam operating temperatures. The Ultra-Steel project of our institute aims to develop the material that can withstand the steam operating temperature of 650°C. The featured material should possess both creep and steam oxidation resistance along with ease of fabrication. The existing modified 9Cr-1Mo steel (ASME T91) suffers from severe oxidation and moderate creep at this temperature. 4) This necessitated the improved mechanical and oxidation properties of the material that can withstand the increased temperatures. There are several ferritic steels being developed since austenitic steels cannot be used due to high thermal expansion at these temperatures. Many of these newly developed ferritic steels showed an improved creep properties but it has failed to exhibit sufficient oxidation resistance. 5) However, 3 % Pd added CrMoWNbV steel developed at our institute showed an excellent steam oxidation resistance. 5) Addition of Pd promoted the Cr segregation at the surface to form Cr rich oxide at the surface. The higher Cr content present in this scale minimize the further scale growth. However, the cost of this alloy is too high due to Pd addition.
Thermal spray coatings can be applied to overcome the steam oxidation problem since it alters the surface without affecting the bulk material properties. There are several attempts to improve the oxidation resistance of the ferritic steel used for steam power plants. [6] [7] [8] One such attempt was made in our earlier studies by thermal spray coating of Ni-Cr alloys. 9, 10) The 50Ni-50Cr coatings showed an excellent protection against the steam oxidation till the tested duration of 1 000 h. The excellent protection of the coating against steam oxidation was attributed to the formation of chromium oxide film at the coating surface.
The formation of chromium oxide outer layer is the sign for the good steam oxidation resistance in the Fe-Cr alloys. 1, 2) Minor alloying elements often significantly influence the formation of this chromium oxide and hence their oxidation resistance. For example, Pd addition favored the Cr-rich oxide formation at the surface and yielded the superior steam oxidation resistance. 5) Si addition into the Fe-Cr system provides a thin inner Si rich layer and assists to form the Cr-rich outer oxide layer.
11) However, addition of Mn into the Fe-Cr system showed the adverse effect on the oxidation resistance. 12) Thermal spray powders of Ni-Cr used in our studies 9, 10) contain minor amounts of Mn and Si. It was reported that Mn diffusion is relatively rapid across the chromium oxide layer in the bulk Fe-Cr system. 12) Whereas, the diffusion would be expected to be faster in the case of thermal spray coatings than the bulk alloy, since it contains pores and defects. In our earlier studies we found fast Fe diffusion across the 80Ni-20Cr coatings. 9) In the present paper, diffusion characteristics of the minor alloying elements such as Mn and Si and their effect on the oxidation resistance are discussed in detail.
Experimental Method
Modified 9Cr-1Mo type ferritic steel specified as ASME T91 was used as a substrate specimen with the following dimensions: 10 mm (length)ϫ10 mm (width)ϫ4 mm (thick) specimens coated with two Ni-Cr powders namely, 80Ni-20Cr and 50Ni-50Cr (Manufacturer: Praxair). The compositions of the alloy substrate and the powders are represented in Table 1 . High velocity oxy-fuel (HVOF) spray process was adopted in the present study to coat these Ni-Cr powders on the sandblasted steel substrate. Totally 6 passes were adopted including the 2 pre-heating passes for pre-heating the substrate. Thickness of the coating obtained for both types were around 60 mm. The parameters used for HVOF are given elsewhere.
9) The coated specimens were introduced to XRD and SEM investigations before placing them into the steam oxidation chambers. Steam oxidation tests were carried out in different temperatures viz., 600, 650, 700 and 750°C. The details of the test procedure are described elsewhere. 6) Though the expected steam operating temperature in the power plants is at 650°C, importance is given to the results obtained from the specimens steam oxidized at 750°C in this paper. This is because, the 750°C is considered as the most accelerated condition among the four tested temperatures. This will help to simulate the material's behaviour in the longer duration with shorter testing time. The surfaces of oxidized specimens were analyzed by XRD (Cu K a ) to identify the phases formed during steam oxidation as compared with as-coated condition. EPMA elemental mapping was carried out on the cross sections of the all the steam oxidized conditions. Figure 1 shows the XRD pattern for 80Ni-20Cr coating on 9Cr-1Mo steel and their steam oxidized conditions at 750°C for different durations. The spectrum for as-coated specimen exhibited three major peaks responsible for fcc (Ni-Cr) (111), (200) and (220) Figure 2 shows the XRD patterns for 50Ni-50Cr coating on 9Cr-1Mo steel before and after steam oxidization for different durations at 750°C. The as-coated spectrum exhibits three major peaks responsible for fcc (Ni-Cr) (111), (200) and (220) indicating that the coating also exists in single Ni (fcc) phase. At 10 h steam oxidation test, the pattern produced few extra peaks and most of them are indexed to Cr 2 O 3 along with small amount of bcc (Ni-Cr) phase. This infers that the coating partially loses its single Ni (fcc) phase and attains the dual Ni (fcc) and Cr (bcc) phase. The phase diagram of Ni-Cr system indicates that the Ni (fcc) phase with the Cr content of about 34 wt% and the Cr (bcc) phase with about 3 wt% Ni are in equilibrium at 750°C. Since the 50Ni-50Cr powder was produced by Table 1 . Chemical composition of the substrate and coating powder (mass%). gas atomization it was in a supersaturated phase of Ni fcc structure, which was further retained in the sprayed coating. During the steam oxidation, however, the metastable phase separated into the stable two phases. With further increase in the durations to 100 and 1 000 h, the spectra showed identical pattern except the increased intensities for Cr 2 O 3 peaks. In all the tested conditions the pattern showed neither Mn 2 SiO 4 nor MnCr 2 O 4 .
Results and Discussion

XRD Studies
The XRD studies for all other tested temperatures such as 600, 650 and 700°C showed the similar trend for their respective coatings. In the case of 80Ni-20Cr coatings, the intensities for oxide peaks increased with increase in the temperature and duration. Similar trend was noticed for the 50Ni-50Cr coatings. With increasing the temperature from 600 to 750°C the Cr 2 O 3 peak intensities were increased. Figures 3(a) and 3(b) show the EPMA elemental mapping of C, Cr, Ni, Fe and O for the 750°C/1 000 h 80Ni-20Cr and 50Ni-50Cr coated specimens, respectively. The elemental mapping for C showed the several bright traces due to the contamination of the mold from the incident electron beam. In the case of 80Ni-20Cr coating, the elemental mapping for C shows high intensity dots at and above the interface. The Cr elemental map shows intense dots at the interface. The dots obtained in the C and Cr elemental map of EPMA studies coincide with the precipitates observed at the BSE image. The above results suggest that the precipitates observed for 750°C/1 000 h specimen corresponds to the formation of chromium carbide. The carbon present in the substrate material diffused to the coating and formed the chromium carbide. The 50Ni-50Cr coating (Fig. 3(b) ) also showed a similar phenomenon but with higher magnitude of chromium carbide formation. This may arise from the higher availability of chromium content compared to the 80Ni-20Cr coatings. In our earlier studies 10) the effect of temperature on the chromium carbide formation has been discussed. At 1 000 h of tested condition, the specimen steam oxidized at 600°C did not form any carbide at the 50Ni-50Cr coating/substrate interface. Whereas, the specimens steam oxidized at 650°C showed the chromium carbide formation and the magnitude increased at 700 and 750°C.
Diffusion Behaviour of C, Cr, Ni, Fe and O
In 80Ni-20Cr coating, the elemental mapping for Fe showed a large amount of outward diffusion from the substrate to the coating. The diffusion seems to have almost reached the surface. Similarly, the Ni elemental map showed that the Ni present in the coating diffused to the substrate modified 9Cr-Mo steel. The depth of the Ni diffusion is around 50 mm. In the 50Ni-50Cr coatings the Ni and Fe diffusion are significantly limited compared to the 80Ni-20Cr coatings. In the 80Ni-20Cr coated specimen steam oxidized in the same condition (750°C/1 000 h) showed a very high amount of diffusion for both Fe and Ni. This may be attributed to the following reasons: the formation of chromium carbide may hinder the further diffusion of Fe into the coating and Ni into the substrate.
Both 80Ni-20Cr and 50Ni-50Cr coating showed the chromium enrichment at the top surface layers. In that, 50Ni-50Cr coating showed a thinner layer of enrichment compared to 80Ni-20Cr coating. The O mapping also showed the high intensities at this region, which arise from the formation of chromium oxide film at the surface of the coating. The mechanism of Cr 2 O 3 formation in Ni-Cr is described as follows: though NiO and Cr 2 O 3 are stable oxides at 1 atm pressure of oxygen, various factors, particularly thermodynamics and kinetics may influence the overall scale development. Chromium has higher affinity for oxygen than Ni and forms more stable oxide. 13) In the longer duration of the testing condition, the low partial pressure of oxygen in the steam environment may lead to the NiO dissociation and supply the oxygen to form stable Cr 2 O 3 and resulted in the absence of NiO at 1 000 h tested condition.
Diffusion Behaviour of Mn and Si
The behaviour of minor elements present in the coatings such as Mn and Si during the oxidation behaviour was investigated by EPMA analysis. Figure 4 shows the Mn and Si elemental mappings for the 80Ni-20Cr specimens steam oxidized at 750°C for different durations. Both Mn and Si elemental mappings showed higher concentration in the coating than in the substrate. This is in a good agreement with the chemical composition of the substrate and 80Ni-20Cr powders given in the Table 1. In the as-coated condition, both Mn and Si showed their uniform concentration distribution across the coating structure. At 10 h steam-oxidized condition, both Mn and Si showed their enrichment in the coating surface. The magnitude of enrichment increased with increase in the steam oxidation time. At 1 000 h test, both Mn and Si exhibited thick layers of about 10 mm at the surface. Mn originally present in the coating structure almost segregated to the top surface layer, whereas, Si still remained in the considerable amount across the coating structure. The similar investigations were carried out for 50Ni-50Cr coated specimens represented in Fig. 5 . In the as-coated specimen, the Mn element mapping showed much less concentration (0.2 wt%) in the coating compared to 80Ni-20Cr coatings (0.92 wt%). This arises from the lower Mn concentration of in the 50Ni-50Cr powder compared to 80Ni-20Cr powder (Table 1) . At 10 h of steam oxidation, the Mn elemental mapping showed their segregation in between the coating layers. The segregated layers showed higher concentration with increase in the testing durations. However, enrichment at the surface is very less compared to 80Ni-20Cr coating at 1 000 h condition. Also diffusion of Mn from the substrate to the coating occurred at 100 and 1 000 h tested conditions. Unlike Mn elemental mapping, the Si elemental mapping for as-coated specimen showed the higher concentration in the coating structure compared to the substrate as expected from the Table 1 . However, with increase in the steam oxidation duration, the elemental mapping showed the Si-rich phase within the coating structure rather than at the surface. In the 80Ni-20Cr coating, the Si enrichment at the surface was noticed at 100 h test. The absence of Si enrichment at the surface for 50Ni-50Cr system may be attributed to the higher Cr content present in the 50Ni-50Cr coating, which was able to form protective chromium oxide film and hence restrict the diffusion of other elements.
From the EPMA mappings, the change in phase and concentration after steam oxidation is represented in the form of schematic diagram. Figures 6(a) and 6(b) show the schematic representation of both as-coated and steam oxidized 80Ni-20Cr and 50Ni-50Cr coatings, respectively. In the earlier results, it was reported that manganese is an element, which generally has a detrimental influence on the oxidation resistance of Cr 2 O 3 forming alloys.
12) It does not assist in the development of the protective film, but it is able to diffuse relatively rapid across the Cr 2 O 3 film and develops MnCr 2 O 4 layer over the surface. 12) This has good agreement with our results of 80Ni-20Cr coating, steam oxidized for 1 000 h at 750°C (Fig. 6(a) ). The XRD pattern confirmed the presence of MnCr 2 O 4 for the above specimen. On the other hand, 50Ni-50Cr coating steam oxidized for 1 000 h at 750°C did not show any Mn compound in the XRD studies and from the EPMA studies there was not much enrichment of Mn at the coating surface (Fig. 6(b) ). This may be due to the following factors: (i) the Mn concentration in 50Ni-50Cr (0.2 wt%) is much lower than the 80Ni-20Cr (0.92 wt%) and (ii) higher Cr content in 50Ni-50Cr could form very protective film, which restrict the diffusion of Mn across the film. The former reason can be ruled out since Mn did not segregate fully to the top surface to the 50Ni-50Cr and still remained in the inner coating layer. Whereas, in the case of 80Ni-20Cr coating, the Mn present in the coating structure almost completely segregated to the coating surface. This infers that the 80Ni-20Cr and 50Ni-50Cr coatings had different diffusion characteristics of Mn and this may arise from the differences in the protective nature of the surface scales. In the earlier report, 12) diffusion of Mn across the Cr 2 O 3 layer was reported on the bulk alloys and not in the coating system. The Cr content in the reported alloy is below 20 wt%. It may not able to form the continuous film as protective as 50Ni-50Cr coatings since the coating has high amount of chromium (50 wt%). Absence of Mn diffusion across the Cr 2 O 3 layer for 50Ni-50Cr coating is attributed the protective nature of the film formed on the surface of 50Ni-50Cr coatings. The formation of dual phase (Ni rich fcc and Cr rich bcc) in the 50Ni-50Cr coatings during the steam oxidation may also have the influence on the difference in the Mn diffusion process.
It was reported that MnCr 2 O 4 layer formed over the outer surface, thickens progressively with time and it promotes the scale blistering and cracks.
12) Though 80Ni-20Cr coating formed such spinel at 1 000 h of steam oxidation, the possibility for further thickening of the layer appears to be remote. This is because, the Mn present in the coating and the region of substrate closely below the coating has already segregated at the coating surface. From the results we can assume that the blistering and cracks may not appear on the further exposure to the steam environment.
Si is well known for its beneficial effect on the oxidation resistance of Fe-Cr systems. 11) In the case of 14 % of Cr and above Si forms a thin inner oxide layer beneath the Cr 2 O 3 outer protective layer and hence reduces the oxidation rate of bulk Fe-Cr systems. But in the present investigation for 80Ni-20Cr coatings, Si diffused to the outer layer and formed the Mn 2 SiO 4 . On the other hand, in the 50Ni-50Cr coating it neither diffused to the coating surface nor formed an inner layer. This can be explained with the following reason: in the 80Ni-20Cr coating the Cr 2 O 3 may not form continuous film, which facilitate the Si to diffuse out to the surface. Whereas, in the 50Ni-50Cr coating the Cr was able to form a continuous protective film due to higher Cr content, which could prevent any diffusion phenomenon to occur in the layer and retained the Si distribution unaltered.
Conclusion
The behaviour of minor amount of Mn and Si present in the 80Ni-20Cr and 50Ni-50Cr coating during steam oxidation were investigated. The studies showed the following observations:
(1) XRD studies on the 80Ni-20Cr coating steam oxidized at 750°C/1 000 h showed the presence of MnCr 2 O 4 and Mn 2 SiO 4 spinels. Whereas, 50Ni-50Cr coating did not produce any peak responsible for such spinels.
(2) EPMA studies for 80Ni-20Cr coatings showed the high amount of Fe diffusion from the substrate to the coating. Ni diffusion was found from the coating to the substrate. The 50Ni-50Cr coatings showed both Fe and Ni diffusions were significantly reduced. The surface of the coating was covered with the continuous Cr 2 O 3 film. Chromium carbide layer was found near the interface, which might have acted as a barrier for the diffusion of Fe and Ni.
(3) EPMA Mapping for Mn and Si showed that Mn segregation and Si enrichment at the coating surface was noticed for the 80Ni-20Cr coating steam oxidized at 750°C/1 000 h. 50Ni-50Cr specimens steam oxidized at 750°C/1 000 h showed less segregation of the elements to the coating surface.
(4) Absence of Mn and Si enrichment at the coating surface of 50Ni-50Cr specimens steam oxidized at 750°C/1 000 h is attributed to the protective chromium oxide layer formation on the surface, which restricts the diffusion process.
